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The macroscopic magnetic characterization of the Mn(II) - nitronyl nitroxide free radical chain 
(Mn(hfac)2(-R)-3MLNN) evidenced its transition from a 1-dimensional behavior of ferrimagnetic 
chains to a 3-dimensional ferromagnetic long range order below 3 K. Neutron diffraction experi- 
ments, performed on a single crystal around the transition temperature, led to a different conclu- 
sion : the magnetic Bragg reflections detected below 3 K correspond to a canted antiferromagnet 
where the magnetic moments are mainly oriented along the chain axis. Surprisingly in the context 
of other compounds in this family of magnets, the interchain coupling is antiferromagnetic. This 
state is shown to be very fragile since a ferromagnetic interchain arrangement is recovered in a weak 
magnetic field. This peculiar behavior might be explained by the competition between dipolar inter- 
action, shown to be responsible for the antiferromagnetic long range order below 3 K, and exchange 
interaction, the balance between these interactions being driven by the strong intrachain spin cor- 
relations. More generally, this study underlines the need, in this kind of molecular compounds, to 
go beyond macroscopic magnetization measurements. 



PACS numbers; 75.50.Xx, 75.25.-|-z, 75.10.Pq 

I. INTRODUCTION 

The organic chemistry synthesis approach, apphed in 
the field of molecular magnetism, has allowed to obtain 
original compounds with properties characteristic of both 
classical magnets and organic compounds. Some of the 
early successes reported in this field were the finding of 
a purely organic ferromagnet^, the experimental proof of 
the Haldane conjecture in a molecular chain compound^, 
or the study of single molecule magnets providing model 
systems for the investigation of quantum effects such 
as quantum tunneling of magnetization or topological 
interferences^. 

Another important achievement was made in the field 
of molecular magnetic one-dimensional (ID) compounds 
with the design of ferrimagnetic chain compounds. They 
consist of magnetically quasi-isolated chains where two 
kinds of different magnetic centers alternate regularly. 
The first example was identified in a bimetallic ferrimag- 
netic chain compound^ built of Mn^+ ions with spin 5/2 
and Cu^"*" ones with spin 1/2. Several other types of 
ferrimagnetic chains were then discovered with various 
metallic centers, different spatial intra and interchain ar- 
chitectures, alternating interaction pathways within the 
chains, leading to different magnetic properties especially 
at low temperature where interchain interactions begin 
to play a role^. Not only bimetallic materials but also 
metallo-organic chains, in which the spin carriers are a 
metallic ion and an organic free radical, generally nitrox- 
ide, were synthesized and proved to enrich further the va- 
riety of magnetic behaviors^'^'^ d'-'i^^d^ . Very recently. 



this kind of materials was reinvestigated with new ques- 
tions concerning in particular the nature of the slow spin 
dynamics in Ising like chain compound o^'^'^^i^^ . The slow 
relaxation of magnetization, in first order agreement with 
the theory of Glauber concerning Ising ID chain'^^, is a 
consequence of strong uniaxial anisotropy and also of in- 
trachain magnetic correlations. 

The success of the metallo-organic route chosen by sev- 
eral groups hold on the use of nitronyl nitroxide free rad- 
icals (NITR) where R stands for an alkyl or aromatic 
group. This organic entity has one unpaired electron 
carrying a spin 1/2, delocalized on the 5 atoms of its O- 
N-C-N-0 fragment as shown by polarized neutron stud- 
ies on a compound of very weakly interacting nitronyl 
nitroxide molecules^™. This original electronic configura- 
tion allows the radical to be coupled simultaneously to 
two metallic groups. These groups can be built of one 
magnetic 3d metallic ion M like Cu, Ni, Mn or Co, sur- 
rounded by magnetic inactive bulky organic moieties like 
hexafiuoroacetylacetonates (hfac)^i^'^ d°i^^d^ . The use of 
this NITR free radical leads preferentially to antiferro- 
magnetic intrachain coupling stronger than in bimetal- 
lic ferrimagnetic chain compounds, except in the case of 
some Cu complexes where it is ferromagnetic. The pos- 
sible cis or trans NITR-M(hfac)2 coordination scheme, 
determined by the R group, can produce different archi- 
tectural arrangements leading to linear, zig-zag or heli- 
cal chains with different magnetic properties. These were 
studied by Caneschi et al.^ within the rich family of the 
Mn-NITR compounds. Several compounds with differ- 
ent R group, studied by magnetometry and EPR, were 
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shown to present a ferrimagnetic ID behaviour. At low 
temperature, between 5 and 9 K, they undergo a transi- 
tion towards a three-dimensional (3D) long-range order 
(LRO) consisting of a ferromagnetic ordering of the Mn- 
NITR entities. 



In these materials, chains are well magnetically iso- 
lated from each other thanks to their large separation 
by bulky magnetically inactive organic moieties. This 
results in very weak interchain exchange interactions, 
leading to a ratio of intra to interchain interaction that 
reaches several orders of magnitude and a strong ID be- 
haviour. Then it is necessary to take into account other 
usually neglected interactions such as the dipolar one. In 
pure ID compound, LRO is not expected at finite tem- 
perature, but very weak interchain dipolar interactions, 
reinforced by strong intrachain correlations, can induce 
such a 3D LROi2i2£ii^. The role of dipolar interaction is 
also invoked to explain the 3D magnetic ordering of high 
spin molecular cluster compound o^^i^^ . 

The present studied chain compound -'^^ , Mn(hfac)2(i?)- 
3MLNN with the NITR free radical (i?)-3MLNN=(i?)- 
Methyl [3- (4 ,4,5 , 5-tetr amethyl-4 , 5-dihydro- 1 H- 
imidazolyl-l-oxy-3-oxide) phenoxy]-2-propionate, shown 
in Fig. [TJ is formed by alternating Mn^+ ions car- 
rying a spin 5/2 and chiral nitronyl nitroxide free 
radicals. It crystallizes in the non-centrosymmetric or- 
thorhombic P2i2i2i space group. There are 4 formulas 
C27H25Fi2Mn2 09 per unit cell which sum up to 304 
atoms. The Mn^+ ions are in the center of a distorted 
oxygen octahedron, linked to two hfac moieties and 
two NITR radicals in cis coordination which gives the 
compound its zig-zag structure. The resulting chains 
propagate along the b axis with Mn-Mn distances of 7.57 
A within the chains and of at least 11.3 A between 
adjacent chains. Each chain is surrounded by 6 others, 
some of those related by a screw axis. 

The possibility to work with a Mn(hfac)2(i?)-3MLNN 
single-crystal, sufficiently stable for neutron diffraction 
measurements, allowed us for the first time in this kind 
of metallo-organic ferrimagnetic chain, to determine un- 
ambiguously the nature of the 3D LRO stabilized at low 
temperature and to evidence strong magnetic competi- 
tion. A first magnetic investigation of this compound by 
macroscopic measurements was reported in Ref. [isl and 
is recalled in section II. The determination by neutron 
diffraction of the magnetic LRO below the transition is 
presented in section III.l. Since it can not be explained 
with the same kind of magnetic interaction than the cor- 
relations probed by magnetic measurements, a neutron 
diffraction experiment under a magnetic field was further 
performed (cf. section III. 2) that showed the low robust- 
ness of the LRO state versus a very small field. Those 
results are discussed in terms of competing interactions 
in section IV. 
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FIG. 1: Schematic representation of the (Mn(hfac)2(i?)- 
3MLNN complex. 
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FIG. 2: Schematic representation of the intrachain interac- 
tions J and J'. 



II. MAGNETIZATION MEASUREMENTS 

The macroscopic magnetic properties of Mn(hfac)2 (i?)- 
3MLNN single-crystals were investigated by dc magne- 
tization and ac susceptibility measurements using three 
superconducting quantum interference device (SQUID) 
magnetometers. One is commercial (0-80 kOe, 2-200 K). 
The two others, developed at the CRTBT/CNRS, are 
equipped with a miniature dilution refrigerator: one is 
devoted to low field measurements (0-2 kOe), and the 
second to high field (0-80 kOe). 

Measurements in the three directions have shown that 
there is a weak uniaxial anisotropy along the chain di- 
rection {b axis). The anisotropy constant K « 2.5 x 
10'^ J.m~^ was estimated from saturation magnetization 
and perpendicular susceptibility measurements at low 
temperatures. Hereafter, we will focus on measurements 
performed along the easy axis. 

The high temperature characterization of the sam- 
ple was made by magnetization measurements in a field 
of Hrfc^lO Oe from T=20-90 K and by AC suscepti- 
bility measurements in a field IIqc=1-4 Oe from T=5- 
20 K. Throughout these temperature ranges, the fields 
are small enough to ensure that the magnetization is lin- 
ear in field, so that the magnetization M/H equals the 
linear susceptibility x- 

A ID ferrimagnetic behavior expected from the non- 
compensation of the Mn^+ isotropic spins S=5/2 and 
the NITR free radical spins s=l/2 is observed above 
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FIG. 3; Ax/xiD '"S- Xid (see text) for 5 AT < T < 20 AT. 
The line is a fit to Eq. [2]with Jinter/kB =4.3 mK. The inset 
shows the measured x vs. T (dots) and its departure from the 
calculated one (line) for a ID behavior (Eq. [ij below 20 K. 

20 K^^. The high temperature magnetic susceptibil- 
ity is indeed compatible with a strong antiferromagnetic 
coupling J/fcB=-510 K between the Mn and the NITR 
spins inside the chains2ii2^ which is not broken even at 
room temperature^^. Therefore, at lower temperature 
(below 100 K), the chains can be considered as Stot—S- 
s=2 effective units, ferromagnetically coupled by an ex- 
change J' as represented in Fig. [21 Between 20 and 90 K 
(J'Sf^JknT > 1), the susceptibility x(T) can then be 
fitted in the framework of ID ferromagnetic chains^^ by 
Eq.IH The fit yields J'/kB=Q5 K. 

20K<T<90K, X = Xi. = a^(f|^)' (1) 

with a = ng'^fi^, where n is the number of mag- 
netic entities and setting g—2 (value obtained by EPR 
measurements^) . 

Below 20 K, we observe deviations from the ID sus- 
ceptibility Xi-d(T) extrapolated using the J' value de- 
duced above 20 K (see the inset of Fig. [3]). This fea- 
ture announces a crossover from high temperature ID 
to 3D short-range correlations. The positive difference 
of Ax = X ~ Xi-D indicates the presence of ferromag- 
netic interactions between the chains. We can estimate 
these interactions from a mean-field approach with the 
equation^^: 

XlD 1 - zJinterXlD/a 

where z = 6 is the number of first neighbor chains 
and Jinter is the total interchain exchange interaction. 
Note that demagnetization effects are negligible in this 



temperature range. The fit between 5 and 20 K, shown 
in Fig. [21 leads to Jinter /ks ~ 4 mK, which confirms the 
strong ID character of the system: Jmtra/ Jinter > 10^. 

When the temperature is further decreased, the Mn- 
radical chain has been shown to undergo a magnetic tran- 
sition at Tc—3 K^^. Our analysis of the susceptibility 
above Tc reveals a small ferromagnetic interchain inter- 
action and in addition, at Tc, the susceptibility exhibits 
a large peak with a magnitude equal to the inverse of 
the demagnetizing factor N, within the error bars in the 
determination of N. As a result of these observations, the 
transition was at first attributed to ferromagnetic LROi^. 

Indeed, below Tc and in moderated to strong magnetic 
fields, the field dependence of the magnetization seems 
to be well accounted for by a classical ferromagnetic or- 
der. In the high field regime, magnetization curves sat- 
urate rapidly as seen in top Fig. [H although they do 
not reach the expected total saturation value until 80 
kOe. In fact, the curves show a non zero slope which 
is characteristic of the presence of a small canting, es- 
timated to be of the order of 10° with respect to the b 
axis. At low fields, but larger than 5 Oe, the magneti- 
zation curves seem to vary linearly with the field, with a 
slope dM/dH approximately equal to the inverse of the 
demagnetizing factor (see bottom Fig. H]). In addition, 
below 2.5 K the ac susceptibility is frequency depen- 
dent and presents thermomagnetic irreversibilities, and 
below 1 K magnetic hysteresis loops appear as previously 
reported^^ . These properties are reminiscent of ferromag- 
netic behavior in the presence of pinning and depinning 
of domain- walls, and therefore in agreement with the hy- 
pothesis of a canted ferromagnetic order stabilized in this 
system. 

However, an intriguing behavior is observed for very 
low fields, H<5 Oe, where the M(H) curves exhibit a neg- 
ative curvature (see the curve at 1.8 K in the inset of the 
bottom Fig. [J]). Furthermore, the spontaneous magne- 
tization could not be extracted from the magnetization 
curves, or from Arrott plots^ of the data. The incon- 
sistency in the results, apparent ferromagnetic behavior 
without a spontaneous magnetic moment, suggests that 
a nonconventional LRO is taking place. This was the 
motivation for neutron diffraction measurements in or- 
der to determine the actual magnetic structure of the 
Mn(hfac)2(i?)-3MLNN compound below T^. 



III. NEUTRON DIFFRACTION EXPERIMENTS 

The experiments were performed on the two CRG 
thermal-neutron single-crystal diffractometers, D15 and 
D23, at the Institut-Lauc-Langevin high flux reactor 
(ILL, Grenoble, France). Both diffractometers were oper- 
ated in normal-beam mode, using an incident wavelength 
of 1.1694 and 1.2582 A for D15 and D23 respectively. 
The D15 experiment was aimed at determining the nu- 
clear and magnetic structures in zero magnetic field in 
the 1.5-10 K temperature range around Tc. The D23 
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FIG. 4: M vs. H at 200 mK up to 80 kOe (top) ; at 1.8 K 
and 3 A' up to 200 Oe (bottom) with a zoom in the very small 
magnetic field range in the inset. 



experiment yielded information about the evolution of 
the magnetic structure under magnetic field and was per- 
formed using a vertical cryomagnet (6 T superconducting 
coil) . 

The sample was a very small crystal of Mn(hfac)2(i?)- 
3MLNN of « 4.4 mg and 1 mm^ which was held in a 
thin Al box with apiezon grease and positioned with the 
h axis vertical on the spectrometer. This set-up was cho- 
sen instead of direct gluing due to the brittleness of the 
sample, also very sensitive to temperature cycling. 



A. Nuclear structure 

The first step of the neutron diffraction experiment 
consisted in refining the low temperature nuclear struc- 
ture, previously determined from X-ray diffraction at 
room temperature with calculated H positions. The X- 
ray structure obtained with a Rf factor of 19% suggested 
the presence of some disorder—. For the neutron refine- 
ment purpose, 352 Bragg reflections were collected on 
D15 at 10 K. Unfortunately it was impossible to col- 



lect more reflections because of the fast deterioration 
of the sample upon temperature cycling. The result- 
ing lattice parameters are a,— 11.84, b=13.79, c=20.03 A. 
The integrated intensities corrected from the Lorentz fac- 
tor were calculated from the w-scans with the COLLS 
prograni^. The averaging of the equivalent reflections 
and absorption correction were done using the ARRNGE 
and AVEXAR programs from the CCSL library'^^ with 
an estimated total absorption coefficient ^ of 0.12 mm~^, 
essentially due to the large incoherent scattering of the 
hydrogen atoms. The weakness of the measured signal, 
the presence of important structural disorder, and the 
small number of collected Bragg reffections imposed a 
limit to the number of free parameters in the refinement 
procedure. 

This was achieved using a method based on rigid 
molecular blocks. A new implementation in the MXD 
program^^ was used to handle this by adjusting, for each 
block of atoms, the 3 coordinates of its origin, and the 3 
eularian angles parameterizing its three dimensional ro- 
tation around this point. 3 main blocks were chosen on 
chemical grounds : the block associated to the NITR rad- 
ical had free origin coordinates and free rotation angles 
whereas the two hfac blocks had a fixed origin with re- 
spect to the Mn, only the rotation angles being free in 
the refinement. 13 minor groups (shown in Fig. [5]) were 
further selected within these main blocks, which were al- 
lowed to rotate around the parent C-C or C-0 bond axis: 
4 CF3 groups within the hfac blocks, 5 methyl groups, 1 
phenyl group and the 4 segments of the carbonate chain 
linked to the phenyl within the NITR block. Including 
one isotropic thermal factor for each kind of chemical 
species, this led us to fit the measured intensities with 
36 refinable variables for 358 observations. The resulting 
structure, obtained with a weighted Least Square R fac- 
tor of 13.2 % (see Fig. [H]), presents slight modifications 
with respect to the published structure^^, consisting es- 
sentially of rigid block rotation angle deviation of 5.3° 
at most. This treatment provided us with a determina- 
tion of the positions of the magnetic atoms and of the 
scaling factor necessary for a quantitative analysis of the 
magnetic structure. 



B. Magnetic structure in zero field 

A weak magnetic signal was observed at 1.5 K on top 
of some nuclear peaks from the difference with the 10 K 
measurements and on the (ft., 0,0) and (0,0,/) reflections 
with odd h and I indices. Those reflections, absent in the 
nuclear pattern, are forbidden in this space group due to 
point group symmetries relating the 4 asymmetric units. 
These observations for such a non-Bravais lattice imply 
a fc=0 propagation vector with an antiferromagnetic ar- 
rangement of the 4 magnetic entities per unit cell. 

In order to check the intrinsic origin of the observed 
magnetic Bragg peaks, the intensity at the peak maxi- 
mum position for the purely magnetic (-1,0,0) reflection. 




NITR 



FIG. 5: Representation of the 13 rigid molecular blocks within the main NITR and hfac blocks allowed to rotate (black signs 
around the rotation axis bond) in the nuclear structure refinement (see text). 
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FIG. 6: Graphical representation of the Mn(hfac)2(-R)- 

3MLNN nuclear structure refinement at 10 K : calculated FIG. 7: Temperature variation of the magnetic signal asso- 
versus measured integrated intensities. ciated to the (-1,0,0) reflection :^neutron counts at the peak 

maximum corrected from the 2.5° cj-shifted background. The 
error bars are smaller than the symbol size. 



characteristic of antiferromagnetic LRO, was followed 
with increasing and decreasing temperature, as shown 
in Fig. [71 The signal vanishes at 3 K in agreement with 
the transition temperature deduced from the suscepti- 
bility measurements. Note the presence of a small kink 
in the magnetization versus temperature around 2.4 K. 
Although the origin of this slight change of magnetiza- 
tion is unclear, it should be noted that this tempera- 
ture coincides with the onset of a non trivial dynami- 
cal magnetic behaviour recorded in the ac susceptibility 
measurements^^. 

The analysis of the magnetic signal was made using the 
differences between the 1.5 K and 10 K intensities of 52 
reflections including a set of {h,0,0) and (0,0,/) reflections 
with odd h and I indices. For these special reflections, 
the magnetic signal was directly deduced from the inte- 
gration of 10 mn/point w-scans. Due to the weakness 
of the magnetic signal compared to the nuclear one, for 



the mixed nuclear and magnetic reflections, the magnetic 
signal was obtained from the difference between 21 mn 
neutron counts at the peak maximum position corrected 
from the side background, measured at 10 and 1.5 K. 
The difference was then renormalized by the integrated 
intensity of a 3 mn/point w-scan. 

To simplify the analysis, group theory can be used 
in order to predict the possible magnetic arrangements 
compatible with the crystal symmetries and as a conse- 
quence to reduce the number of independent parameters 
in the refinement procedure. In the Landau theory, the 
magnetic fluctuations in the paramagnetic state reflect 
the crystal symmetries. At a second-order phase tran- 
sition, one of the modes is stabilized. Each mode corre- 
sponds to one irreducible representation of the symmetry 
group Gk that leaves the propagation vector k invari- 
ant. The application of the Group theory to the present 
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TABLE L Magnetic components for the 4 Mn atoms : Mni 
(0.400, 0.189, 0.267), Mnz (0.100, 0.811, 0.767), Mng (0.900, 
0.311, 0.733) and Mn4 (0.600, 0.689, 0.233) for each irre- 
ducible representations r^, r^, r"* and r*. 
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FIG. 8: Least square refinement of the magnetic structure in 
zero field at 1.6 K: comparison of the measured and calculated 
integrated intensities for the top labeled reflections displayed 
with increasing sin{6)/\. 

crystal, using the tabulated irreducible representations 
by Kovalev23, shows that the group representation can 
be reduced to a sum of 4 irreducible representations of 
order 1 : T = St^ ® Sr^ Sr^ ® Sr'^. The 4 possible 
magnetic arrangements deduced from this analysis are 
summarized in Table ID 

It is interesting to notice that the presence of a mag- 
netic signal on the (/i,0,0) and (0,0, Z) Bragg positions 
with odd h and I allows to distinguish between these 
four magnetic structures, is the only representation 
predicting a magnetic signal on both (ft,, 0,0) and (0,0, Z) 
reflections. The representation yields no signal on 
both types of reflections. In the case of r^, a magnetic 
signal is expected on the (ft, 0,0) reflections and not on the 
(0,0, Z) ones, and the inverse is predicted for the repre- 
sentation. For the present measurements, the magnetic 
signal observed at 1.5 K on the (ft, 0,0) reflections with 
ft=l,3,5 and on the (0,0,^) reflections with Z=3,5,7 there- 
fore suggests a magnetic arrangement associated with the 
representation. 

The above representation analysis was carried out by 
considering spins at the Mn positions only. However, a 
correct treatment of the neutron data must in addition 
properly include the smaller delocalized moment of the 



NITR free radicals which is strongly antiferromagneti- 
cally coupled to the Mn one. If the distribution of the 
magnetization (or form factor) around a Mn ion is well 
known and tabulated, the major difficulty of evaluating 
the radical contribution comes from the extended nature 
of the spin distribution on this organic fragment. The 
magnetization distribution in a quasi-isolated phenyl- 
substituted nytronil nitroxide free radical was measured 
using polarized neutronii. This work showed that, in 
such a radical, most of the spin density is found equally 
shared between the 4 atoms of the two NO groups of the 
nitronyl nitroxide. An additional negative contribution, 
due to the spin polarization effect, is also observed on the 
central C atom. This picture has been used to model the 
spin distribution on the nitronyl nitroxide in the present 
case and to deduce a "pseudo" form factor that enters 
the expression of the intensity of a magnetic reflection. 
In practice, the magnetic structure factor was obtained 
at each scattering vector Q by summing the contribu- 
tions of the 4 Mn and the 4 NITR of the asymmetric 
unit, as in Eq. [31 In this equation, /Mn(Q) and tn\[n 
are respectively the magnetic form factor and the mag- 
netic moments for each Mn and p = 0.2696 x 10~^^ cm. 
''^^NiTR magnetic moment carried by the free rad- 

ical whereas (oj + ibj) is a complex number evaluated at 
each measured {h,k,l) reflection that represents both the 
"pseudo" form factor and the geometrical term arising 
from the positions of the 5 atoms O, N, C, N and O that 
are known to carry the spin in the radical. 

4 

Fm{Q) = P^[fM,i{Q)mlj^exp{iQ.rj) 

3 = 1 

Note that a strong exchange interaction between the 
NITR and the metallic centers can modify the spin distri- 
bution determined in Ref. Tt'.IH. In our case this should 
only slightly affect the quantitative results we have ob- 
tained. 

The final least-square refinement of the magnetic in- 
tegrated intensities with the representation for both 
Mn and NITR radical was then performed. Note that 
the three other representations yielded worse results 
(X^=2.28, 2.05, 1.58 for r^, and respectively) as 
expected from the absence of magnetic signal on (ft, 0,0) 
and/or {0,0,1) Bragg positions. The fit is also improved 
with respect to a calculation with only an effective spin 
at the Mn position (x^=2.03). The best agreement (see 
Fig. [5] and Table HI)) obtained with a reduced factor of 
1.03 corresponds to a canted antiferromagnetic structure 
(see Fig. Within the chain, the main direction for the 
Mn^+ moments is along the b axis, mj^=4.07±0.08 /ie, 
with small antiferromagnetic components along the a and 
c axis : ma: = l±0.7 /xb and TOz=-0.7±0.5 hb- The corre- 
sponding tilt angle with respect to the b axis is roughly 
equal to 16°. There is a large uncertainty concerning 
the exact orientation of the NITR moment but its main 
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TABLE II: Magnetic structure of Mn(hfac)2(-R)-3MLNN in 
zero magnetic field at 1.5 K, refined assuming the NITR mo- 
ment to be parallel to the b axis. The atomic coordinates and 
components of the magnetic moments (in /xb) are given for 
the 4 Mn and NITR of the asymmetric unit. For the NITR, 
the average magnetic moment is defined as in Eq. |3]and the 
atomic coordinates are those of the central carbon atom of the 
O-N-C-N-0 fragment carrying most of the spin density. The 
magnetic moment error bars are 0.7, 0.08 and 0.5 /ib for the 3 
components of the Mn and 0.1 /iB for the NITR y component. 
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FIG. 9: Schematic representation of the magnetic structure 
at 1.5 K and zero magnetic field. The long and short arrows 
represent the Mn and NITR moments respectively. 



component is along the chain axis, antiparallel to the Mn 
one. Constraining the NITR moment to lie along the 
b axis yields a moment component of mj,=-0.7±0.1 /ib. 
Note that both Mn (4.25±0.3 ^ie) and NITR (O.TiO.l^iB) 
moments have slightly reduced values. This could be as- 
sociated to some deterioration of the crystal or to a de- 
localization of the NITR spin density on the Mn site. 
Finally, the interchain coupling between the two chains 
of the unit cell is found antiferromagnetic. The structure 
can then be described as slightly canted ferromagnetic 
(a, b) sheets, antiferromagnetically stacked along the c 
direction with a (a/2, 6/2) translation. 
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FIG. 10: Variation with magnetic field of the magnetic signal 
associated to the (-1,0,0) and (1,0,0) reflections at 1.6 K : 
neutron counts at the maximum peak position corrected from 
the background. The error bars are within the symbol size for 
the (0,0,1) reflection. 



C. Evolution with a magnetic field 

The antiferromagnetic structure under zero field de- 
scribed in the previous section is a surprising result, in 
apparent contradiction with the magnetization and sus- 
ceptibility measurements. This motivated a subsequent 
neutron scattering experiment performed on the D23 
spectrometer during which the robustness of the mag- 
netic structure determined in zero field was tested under 
a magnetic field applied parallel to the b axis. A few 
peaks, in particular the (ft., 0,0) and {0,0,1) ones with odd 
indices, characteristic of the antiferromagnetic arrange- 
ment, were followed under a magnetic field at 1.6 K. 

The presence of the magnetic arrangement associated 
to the representation was first confirmed by the rise 
of magnetic signal observed on the (0,0,3), (0,0,1) and 
(1,0,0) refiections between 5 and 1.6 K in zero field. At 
1.6 K, the magnetic intensities recorded on the (1,0,0) 
and (0,0,1) reflections were then measured while vary- 
ing the fleld and shown to be wiped out very rapidly : 
A small field of the order of 100 to 150 Oe is sufficient 
to completely kill these magnetic reflections (see Figs. 
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[T0| . Note that a small hysteresis was observed 30 
Oc shift), maybe due to the lack of precision of the 6 
T magnet in this range of applied fields. Although the 
full evolution of the magnetic structure under a mag- 
netic field was not measured, the persistence of a mag- 
netic signal at a field He sufficient to cancel the (0,0, Z) 
and (/i,0,0) reflections was checked. This was achieved 
by measuring the difference between the integrated in- 
tensities at 5 K in zero field and at 1.6 K in He on both 
(-2,1,0) and (1,0,-4) reflections. The magnetic signal is 
significantly reduced on (1,0,-4) and increased on (-2,1,0) 
when applying the field. This is in agreement with the ex- 
pected field-induced transition towards a ferromagnetic 
interchain arrangement of the moments {t^ representa- 
tion), possibly slightly canted although the accuracy of 
the measurement is not sufficient to quantify this point. 



IV. DISCUSSION 

The antiferromagnetic LRO determined by neutron 
diffraction below is therefore different from the one 
expected through the observation at higher temperatures 
of 3D ferromagnetic correlations. It is furthermore very 
easily destabilized under a weak magnetic field. To inter- 
pret this behavior, we will consider in the following the 
magnetic couplings that arc effective in this temperature 
range, and in particular their interchain contribution, as 
a necessary ingredient to drive the system to a 3D LRO. 

A good candidate for this interchain mechanism, of- 
ten invoked in chain compounds^ i^^i^°'^^ , is the weak but 
long-ranged dipolar coupling. In addition to its role in 
the onset of 3D LRO, the dipolar interaction is also ar- 
gued to be responsible for the magnetic anisotropy ob- 
served in some Mn-based chain compounds^ii^. The im- 
portance of dipolar anisotropy is a consequence of the 
weakness of the single-ion anisotropy, describable as a 
crystal zero field splitting of the ion ground state. For 
Mn^+, there is no zero- field splitting in 1** order of per- 
turbation due to the zero orbital angular momentum of 
its ^85/2 ground state. Non-zero values can only arise 
from higher order processes allowing the interaction of 
the ions with the crystal field, the most important mech- 
anism being the admixtures through spin-orbit coupling 
of L ^ excited states within the ground stated. In 
the present Mn-NITR chain compound, we observe a 
weak axial anisotropy of the magnetic moments. They 
are mainly oriented along the chain axis, with a small 
canting. Such a magnetic orientation appears to be rare 
in spin chains where the moments usually lie perpendic- 
ular to the chain axis. This perpendicular orientation 
is expected for systems consisted of an antiferromagnetic 
stacking of spins along the chain axis in which the dipolar 
interaction is the main source of anisotropy. The origin of 
the anisotropy in the present case where the magnetic en- 
tities are Mn'^+ and organic radicals with isotropic spins 
1/2 is therefore questionable. 

In order to check the role of dipolar coupling in the 



orientation of the spins and in the onset of a finite tem- 
perature LRO, we have used a mean field (MF) ap- 
proach. The method is only briefly described in this 
paper but more details about the formalism may be 
found for instance in Ref. |3^. We have used a general 
anisotropic Hamiltonian which takes into account the in- 
trachain isotropic exchange couplings (J = —510 K) be- 
tween nearest neighbor Mn (/ZMn = 5/2) and NITR rad- 
icals (/^NiTR = 1/2), the long range anisotropic dipolar 
coupling between all species of magnetic atoms, as well 
as a local anisotropy on the manganese sites. The detail 
of the calculations are reported in the Appendix. 

The role of dipolar interactions was first tested by ne- 
glecting the single-ion anisotropy term, D — 0. The re- 
sulting antiferromagnetic LRO was found with the propa- 
gation vector fc=0, as observed experimentally. However, 
contrary to the anisotropy inferred from neutron scatter- 
ing and magnetometry measurements, the spin orienta- 
tion was found along the a axis, i.e. perpendicular to 
the chain direction. Consequently, the influence of the 
single-ion anisotropy was evaluated by introducing a lo- 
cal uniaxial anisotropy D > whose value was increased 
progressively. As results, the antiferromagnetic structure 
with fc=0 remains for all D values, but the spins direc- 
tion switches to the b axis for D/k-Q values greater than 
w 160 mK. This is larger but of the same order of magni- 
tude than the value, D/Ub ~ 40 mK, estimated from the 
anisotropy constant K obtained via the low temperature 
magnetization measurements-^. Note that due to some 
approximations made in the calculations (the interchain 
exchange coupling and the small canting with respect to 
the h axis were not taken into account for instance) the 
results should be considered as qualitative only. 

These results indicate first that the dipolar interac- 
tion cannot explain the anisotropy observed in the chain, 
contrary to the case of other Mn-NITR chains^. Other 
mechanisms must then be invoked such as antisymmet- 
ric exchange or Mn^^ single-ion anisotropy. In support of 
this last explanation, let us note that, although often neg- 
ligible, large zero field splittings have been reported in the 
Cs2MnCl4.2H20 antiferromagnet {\D/kB\ ~140 mK>^ 
for instance and in several Mn(II) organic compounds 
(|-D//cb| up to ~1 K)^. The single-ion anisotropy has 
also been proposed to be the main source of anisotropy 
in other Mn(II) chain compoundsiii^. In fact, one of 
these compounds undergoes a transition towards an an- 
tiferromagnetic LRO and is one of the rare example with 
the direction of the Mn moments along the chain axis^~. 

The second important result of these MF calcula- 
tions is that the interchain dipolar interaction produces 
a 3D antiferromagnetic LRO with propagation vector 
fc=0, which is robust with respect to the spins ori- 
entation. This interaction is therefore most probably 
responsible for the antiferromagnetic LRO observed in 
Mn(hfac)2(i?)-3MLNN below T^. 

Nevertheless, it seems difficult to reconcile the am- 
plitude of the dipolar interaction between two spins in 
neighboring chains, dnm and the critical temperature: 
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dnn = (ho/Att) (qhb)'^ / rl^i ~ 1-7 mK, for a nearest 
neighbor chain distance of r„„ — 11.33 A, which is three 
orders of magnitude smaller than Tc—3 K. 

As shown below, this apparent contradiction can be 
resolved as soon as one considers the intrachain corre- 
lations developing at low temperatures, which build su- 
per spins made of a temperature dependent number of 
strongly correlated individual spins. 

The critical temperature can be calculated in a mean 
field approach, considering only intrachain exchange and 
interchain dipolar interaction. To describe the low 
temperature behavior of quantum-classical ferrimagnetic 
chains in the Heisenberg model, let us consider a sin- 
gle chain as independent quasi-rigid blocks, or super 
spins, of length ^ and total moment S = S,Stot with 
Stot = S - s = 2 (5=5/2 and s=l/2). The correlation 
length is then ^ = \ J\/2kBT with J = JSs ( J//cb=-510 K 
the intrachain correlation)^. 

As we know from experiments that these super spins 
tend to align along the b axis of the crystal, we end up 
with an effective model of pseudo Ising super spins S dis- 
tributed on a distorted triangular lattice and interacting 
via the dipolar interaction. Using dnn/kB—^-7 mK in the 
previously introduced formalism, the mean-field critical 
temperature is given by 

7f F ^ ^ d„nSyn - d„niaTc)Stot)Vn (4) 

where n = 3 is the spin dimension and c « 1.9 is a di- 
mensionless constant dependent on the two dimensional 
super spin lattice geometry. This finally leads to : 

from which we obtain ~ 7.6 K. Keeping in mind that 
the mean field approach always tends to overestimate the 
transition temperature, this result seems in rather good 
agreement with the measured Tc = 3 K. Perhaps even 
more important is that this calculation establishes that 
the LRO is driven both by the intrachain exchange inter- 
action which operates first and builds mesoscopic super 
spins (at , around 80 spins are strongly correlated) 
and by the dipolar interchain interaction which settles 
the 3D ordering temperature of these super spins. 

As argued, the dipolar interaction should be responsi- 
ble for the 3D antiferromagnetic stacking of the chains. 
Consequently, it cannot explain the 3D ferromagnetic 
correlations observed above Tc- These correlations must 
then be induced by the interchain exchange interaction in 
spite of the large interchain distances. Indeed, although 
short-range in nature, the exchange interaction in molec- 
ular compounds can be mediated by the spin delocal- 
ization and polarization processes on the whole NITR 
molecule (not only on the two 0-N bridges of the radical) 
and between several molecules^. In the present struc- 
ture, some C-H- • • O interchain paths of lentgh 2.7 A can 



be identified, which fall within the range of weak hydro- 
gen bonds^. Hydrogen bonds have been shown to be 
possible exchange paths between molecules^. Such ex- 
change mechanism should lead to a small value of the 
interaction energy, which is consistent with the value of 
the interchain exchange obtained from the mean field ap- 
proach {Jinter/k-B ~ 4 mK, scc Sectiou II) and of the 
same order as the dipolar energy. However, the sign of 
this interaction cannot be simply deduced from struc- 
tural consideration due to the complexity of the exchange 
paths. Note that previous magnetization measurements 
under pressure on Mn(hfac)2(i?)-3MLNN also concluded 
the existence of ferromagnetic interchain exchange^. Po- 
larized neutron experiments on a single-crystal could give 
more information on these interactions. 

The unusual transition revealed by these experiments 
(ferromagnetic-like susceptibility and antiferromagnetic 
LRO) could therefore result from the competition be- 
tween the ferromagnetic interchain exchange and the an- 
tiferromagnetic dipolar interaction, and from their differ- 
ent sensitivity to the strong ID magnetic behavior. De- 
creasing the temperature leads to the formation within 
the chains of correlated blocks of spins whose length f 
increases like the inverse of the temperature. The long- 
range nature of the dipolar interaction makes it more 
sensitive to the intrachain correlations than the exchange 
interactionSi. This is reflected by the transition temper- 
ature obtained in a mean field approach: Tc increases 
like ^ for the exchange interaction'^^, whereas it increases 
like for the dipolar one (Eq. |4]). Therefore, below a 
certain temperature, when ^ reaches a threshold value, 
the dominant exchange interaction leading to ferromag- 
netic interchain correlations can be overwhelmed by the 
dipolar one. This in turn should favor antiferromagnetic 
interchain arrangements. 

This interpretation of the magnetic properties of the 
Mn(hfac)2(i?)-3MLNN compound in terms of competi- 
tion between weak exchange and dipolar interactions is 
supported by the magnetic behavior under weak mag- 
netic fields. In the M(H) curves (see Section II), a small 
curvature appears at fields of a few Oe and the intensity 
of magnetic Bragg peaks associated with the antiferro- 
magnetic order starts to decrease under the same field 
of a few Oe (see Section III). These observations are the 
signature of a fast deterioration of the zero-field anti- 
ferromagnetic ground state in favor of a ferromagnetic 
LRO under a small field. They are consistent with the 
estimated strength of the antiferromagnetic dipolar in- 
terchain interaction which leads to an equivalent field of 
a few Oe. This transition is however not characterized 
by an abrupt metamagnetic transition. This could be 
explained by a distribution of the intrachain correlation 
lengths ^, which is especially relevant in such compounds 
due to the finite size of the chains^. Because of the par- 
ticular sensitivity of the dipolar interaction to the corre- 
lation length, a distribution of the ^ values would result 
in a distribution of the reversal fields instead of a unique 
field characteristic of a well-defined metamagnetic tran- 
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sition. 

It is interesting to note a problem reported in some 
previously studied Mn-NITR chains'*^ were ferromag- 
netic LRO was inferred from magnetization measure- 
ments, in contradiction to dipolar coupling calculations 
on the same compounds that predicted an antiferromag- 
netic structure. Furthermore, the calculations showed 
that ferromagnetic LRO could only be stabilized in mag- 
netic fields higher than 20 Oe. In the present study, we 
measured similar ferromagnetic signatures by magnetom- 
etry and in addition, established the antiferromagnetic 
nature of the LRO by neutron diffraction. The above 
analysis provides a scenario for the coexistence of these 
two types of fluctuations and suggests that the temper- 
ature ranges where each one dominates is driven by the 
intrachain correlation length. 
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V. CONCLUSION 

Magnetization measurements on the Mn-free radi- 
cal chiral chain Mn(hfac)2(i?)-3MLNN compound have 
shown ferromagnetic correlations and a magnetic phase 
transition at Tc =3 K, but with a puzzling behavior in 
the ordered regime. Neutron measurements allowed to 
solve this intringuing problem. 

In the present paper, the resolution of the magnetic 
structure of this compound from single-crystal neutron 
diffraction measurements was obtained using specific 
methods of analysis (rigid blocks refinement, symmetry 
analysis, "molecular" magnetic form factors) in order to 
overcome (i) the weakness of the signal and the fast dete- 
rioration of this small and brittle molecular sample and 
(ii) the presence of delocalized spins on the organic free 
radicals. Under moderate fields (II>150 Oe), the exis- 
tence of a ferromagnetic LRO, evidenced by macroscopic 
magnetostatic studies, is confirmed. However in zero 
magnetic field, the actual magnetic LRO stabilized be- 
low Tc is found to be an antiferromagnetic arrangement 
of canted ferromagnetic chains in contrast with the fer- 
romagnetic 3D fiuctuations observed above Tc- 

This result demonstrates that two types of weak inter- 
chain interactions, of opposite signs, are in competition 
in this compound. As shown by mean-field calculations, 
the dipolar one, enhanced by the intrachain spin corre- 
lations, dominates below Tc and leads to an interchain 
antiferromagnetic structure that rapidly vanishes under 
weak magnetic field. The weak exchange interaction is 
mainly infiuent above Tc producing strong ferromagnetic 
3D correlations, a ferromagnetic LRO being only field- 
induced below Tc. 

These results underline the need, in the field of molec- 
ular magnetism where weakly competing processes may 
be active, of using both macroscopic magnetization 
measurements and microscopic probes such as neutron 
diffraction. 



APPENDIX A: MEAN FIELD CALCULATIONS 

For the mean field calculations'^^ of the magnetic 
configuration selected at low temperature in presence 
of intrachain exchange interaction, dipolar interaction 
and single-ion anisotropy, we introduce the general 
anisotropic Hamiltonian, 7i: 



i,j m,n a^f3 
(i,m)=Mn 



mn\'^0 m.a n,p 



(Al) 



where 



(A2) 



In the notation of this general model, the moment vec- 
tors are represented by /j^ = ^"(n^^^Sf"'^ + h^y^S^'^ + 
^(z)^m,z-j^ where the unit vectors n" are the global Carte- 
sian unit vectors, and 5™'" is the a-th component of a 
unitary spin^-. /i™ is the moment of the atom residing 
at site (i,m). J is the nearest neighbor exchange inter- 
action (J < for an antiferromagnet) , r„„ the nearest 
neighbor distance, D the anisotropy, taken as uniaxial for 
simplicity and dnn the nearest neighbor dipolar coupling, 

_ Mo (5Mb)^ 



Two indices are needed to localize a site as we describe 
the lattice as a Bravais lattice with eight sites per unit 
cell. It must be noted that the sum in Eq.EDdoes not in- 
clude terms with ii^" = and that in Eq. IA21 positions 
i?'"" are taken in units of r„„ . 
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Before writing the mean-field free energy, the Hamil- 
tonian is first rewritten in reciprocal space using the fol- 
lowing transformations, 

^r^^^E^r^^e"'"'''-"' (A3) 

J{KTT^ = 1^ J'^^(q)e^'J-«r, (A4) 
q 

where N is the number of Bravais lattice points. Because 
we deal with a non Bravais lattice, which is moreover 
non centro symmetric, the resulting interaction matrix 
J{q) is a 24 X 24 non diagonal hermitian matrix. Hence, 
to completely diagonalize J{q) one must transform the 
q-dependent variables, S'™, to normal mode variables. 
In component form, the normal mode transformation is 
given by 

8 3 

S^^'" ^T.ll^ng{QW^\ (A5) 

p—1 7—1 

where the indices (p, 7) label the normal modes (24 for 
Heisenberg spins), and {0q'^} are the amplitudes of these 
normal modes. U{q) is the unitary matrix that diagonal- 
izes J{q) with eigenvalues A(q). Finally, the mean-field 
free energy to quadratic order in the normal modes reads, 
up to an irrelevant constant, 

HT)^\Y.^nT-\l{q)W^'<\\ (A6) 
q,p,7 



where T{T) is the mean-field free energy per unit cell, T 
is the temperature in units of fee , and n = i for Heisen- 
berg spins. 

Therefore, the mean-field critical temperature is given 

by 



T^^ = -maxp^,,, {Xliq)) 



where the corresponding wave vector qord defines the 
magnetic propagation vector k. If the extremal eigen- 
value is non degenerate (which is always the case in this 
study), the inner structure of the magnetic unit cell is 
given by the corresponding eigenvector U^{qoid)- 

The main technical difficulty arises because the inter- 
action matrix is obtained from a sum which is condition- 
ally convergent due to the long range interaction of the 
dipolar coupling. The usual method to overcome this dif- 
ficulty is to use the Ewald's method^. It appeared that 
this is not necessary in the present case. Whatever the 
truncation radius we took, as soon as it is large enough^-, 
we found that the ordering wave vector is always stable 
and that there were only slight modifications on the cor- 
responding eigenvector. We therefore restricted ourselves 
to a finite sum in direct space. 
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